Abstract: This paper investigates the use of commercial modems mounted in a short-baseline (SBL) configuration on an autonomous surface craft (ASC) for tracking other marine vehicles. We have developed a method for tracking an autonomous underwater vehicle (AUV) from an ASC using one-way range measurements provided by standard Woods Hole Oceanographic Institute (WHOI) modems. The method does not require transmission of detailed navigation information, but rather uses short ranging packets, which can be transmitted at a much higher rate than standard data packets. We present tracking results for the system in a shallow water environment using two autonomous vehicles. The results indicate that the system is capable of tracking an AUV given initial baseline information and modest knowledge of the vehicle's mobility.
INTRODUCTION
This paper introduces a system for autonomous tracking and navigational aiding of unmanned underwater vehicles. An ASC equipped with an array of two acoustic modems tracks a target vehicle equipped with a single acoustic modem. Our work utilizes the standard WHOI acoustic modem, developed by Freitag and colleagues at the Woods Hole Oceanographic Institution Freitag et al. (2005) Recent work by Eustice et al. (2007) , Eustice et al. (2006) has also used the WHOI acoustic modems for tracking an AUV from the surface. While the objectives of this previous work are very similiar to the method presented in this paper. Eustice et al.'s approach relies upon frequent transmission of accurate dead-reckoning data from the AUV, which has an expensive inertial navigation system. In contrast, our approach utilizes minimal data packets that do not contain AUV position information, but which can be transmitted with much higher frequency and more reliability. Also, our approach is more compatible with a low-cost AUV, which would not require expensive deadreckoning sensors.
Other relevant previous research has utilized multiple ASC as navigational aids in a moving long-baseline (MLBL) configuration Curcio et al. (2005) ; Vaganay et al. (2004) . Our objective is to develop a technique for a single ASC to track one or more AUVs. In previous work multiple ASCs (each equipped with a single transducer) provided a mobile transponder field that tracked a target vehicle while maintaining a follow-the-leader formation. The formationkeeping behavior of the ASC provided both a long baseline and prevented issues of baseline ambiguity. Our work differs from the MLBL approach in the use of a single ASC and the size and direction of data flow. In the MLBL approach, the ASC send large packets to the AUV, whereas our approach utilizes small packets that are transmitted from the AUV to the ASC.
The objective of this research is to support AUV operations with an ASC. For preliminary experiments, a second ASC rather than an AUV was used to provide a GPS ground truth for validating design feasibility and tracking algorithms. Initial experiments employed a static array with varying baseline for both characterizing error and sensitivity of the modem ranging and for tracking the target. In the final experiments two ASC were deployed simultaneously on a repeated series of missions. The tracking ASC was equipped with the transducer array, and the target ASC utilized a single transducer.
SYSTEM DESIGN
The larger context for conception of the tracking algorithm involved developing an ASC that could deploy a small AUV and then subsequently act as a navigation aid and data relay base while the AUV performed its mission. The intended AUV target fit inside the wetbay of the ASC until deployment and operated in shallow water not more than several hundred meters from the ASC. The AUV is inexpensive and lacks a Doppler Velocity Logger (DVL) or sophisticated inertial navigation system. Consequently corrections are needed occasionally for XY positioning since surfacing must be avoided in its mission.
Considering this context, we make several assumptions:
(1) we assume that the target will remain within several hundred meters range of the tracking ASC, and (2) the vehicles maintain synchronized clocks (The total drift over the submergence time is negligible.), and (3) the sound speed is known and has minimal variance in the area of operations.
The tracking vehicle consists of a Surface Craft for Oceanographic and Undersea Testing (SCOUT) ASC equipped Specially designed towfish, shown in Figure 1 (a), were machined for mounting the transducers to improve modem reception and permit stable hydrodynamics Williams (2006) . On the tracker vehicle, two towfish are mounted on a fixed-length aluminum rod. The distance between the transducers is the fixed-length baseline. The array is tethered to the tracker vehicle, and weights are attached to maintain a constant depth for the array at 2 meters. The array is also equipped with a compass for precise orientation, but for the results in this paper, a software driver failure made this data unavailable. Figure 1(b) illustrates the configuration.
Communication between the target and tracking vehicles proceeds as follows. The target vehicle sends Mini-Packet Ping Command (CCMPC), a 32-byte packet with transmission time of less than 2 seconds at 3 second intervals. The tracking vehicle's modems receive these pings and record the time of flight based upon the time elapsed between reception and the reference transmission time, which is based upon GPS pulse per second (PPS).
For the experiments presented below, the tracker remained a passive listener in order to test the accuracy of the design and software. The next objective was for the tracking ASC to become a navigational aid. After a predetermined number of intervals, the target would silence its modem and listen for an update from the tracking ASC. The tracking ASC would use one of its modems to send the target's estimated location at the time of the last ping received. At a much larger interval the target would silence for 5 seconds and one of the tracking vehicle's modems would send a position update (unimplemented in preliminary testing).
MEASUREMENT MODEL
In this section, we describe the model used to interpret the pings received by the pair of transducers on the ASC's array and explain the calculations used for tracking the target vehicle. For simplicity, we make the following assumptions. We assume constant transducer depth reducing the problem to 2D, sound velocity remaining a constant, and the array remaining inline with the tracking vehicle or posessing its own compass. System clocks for both the 
Basic Calculations
The tracking vehicle equipped with the array of two transducers is modeled as shown in Figure 2 . The array is assumed to be colinear with the vehicle so that the vehicle compass measures the array orientation φ. The transducers are placed on the array, separated by length L. Position of the vehicle is determined with a GPS sensor, and the array offset δ represents the distance along the vehicle axis between the GPS sensor and the aft transducer. For simplicity of further calculations, the aft transducer M 1 will represent the local frame origin, and the second transducer M 2 being located at x = L in this frame. Note δ < 0 in this frame.
When both transducers receive a ping transmitted by the tracking vehicle, each time-of-flight is scaled by a constant sound velocity, c, resulting in range measurements. For each pair of ping returns, the method described here attempts to calculate the tracked vehicle position relative to the local frame. There may be zero or two solutions, depending on whether the range circles intersect. Single circle intersections are not applicable since the vehicle cannot physically be on the baseline between the transducers. The case in which the range circles do not intersect is easily tested from Equation 1 when | γ |> 1. Figure 3 depicts a typical result, assuming intersections exist. Using the Law of Cosines, the bearing to the intersection is determined using Equation 2, and the intersection points are calculated using Equation 3. The sign ambiguity for θ results in the baseline ambiguity problem.
Positions calculated in the local array frame are transformed into the global frame following the model. With X G v representing the GPS position of the vehicle and φ representing the vehicle heading, locations in the local frame are translated by the array offset δ, rotated by the array orientation φ, and translated by the absolute global position of the GPS. Equation 4 summarizes this transformation, where rot(φ) is the matrix for a 2D rotation by φ.
Addressing Baseline Ambiguity
For each pair of range measurements with range intersection solutions, the problem of which one is a better estimate of the target remains. At present we assume the initial position is known and that it is a sufficient distance from the baseline, or axis of the array. If the vehicle is in line with the array, both solutions are in close proximity to each other, but baseline ambiguity will return once the vehicle moves away from the baseline. We address baseline ambiguity and outlier rejection using constraints on the mobility of the target vehicle, the operating area, and virtual vantage points.
The tracking algorithm first rejects outliers and eliminates many erroneous baseline solutions with constraints on the operating area. Given the convex hull of the operating region, several virtual vantage points are selected in the global frame. We selected 5 reference points at regular bearing divisions of 2π/5 where the first three are at a large distance from the centroid of the operating area (450m) and the other 2 at half that distance. From each vantage point, bounds are determined for allowable range and bearing to the vehicle using the convex hull of the operating area. The more distant vantage points produce narrow bounds on bearing, and the closer vantage points demonstrate narrower bounds on range. Each of the possible intersection solutions x i exceeding a range limitr orθ is assigned a bounded cost from a vantage point j as in Equation 5 (for both upper and lower limits), and the cost is averaged over all vantage points. If the cost exceeds a threshold of 0.6, x i is rejected. The full effect of this rejection becomes apparent once the mobility constraints explained next are applied.
In the general case of two consecutive measurements from the mobile tracker and no prior information, four hypotheses are possible. The vehicle may remain on one side of the baseline (two paths) or cross the baseline (two paths). For sake of argument, let P and S represent the port and starboard sides of the baseline (tracking vehicle array), and let 1 and 2 represent two consecutive measurements. The four possible paths are {(X 1S , X 2S ), (X 1P , X 2P ), (X 1S , X 2P ), (X 1P , X 2S )}. In Fig. 4 . Baseline mobility reducing ambiguity most cases we can readily reduce these potential outcomes to one or two possibilities by applying mobility constraints using a maximum permissible velocity V max . In rare cases, no pair is feasible, implying one of the measurements is an outlier. In Figure 4 the true target path is the starboard side of the tracking vehicle moving at .8 m/s. The port side solutions would imply target vehicle velocities around 17m/s, and paths crossing the baseline are even more infeasible. In this example, mobility constraints uniquely determine the path shown in blue (X 1S , X 2S , . . .). When multiple paths remain, we apply additional techniques. Looking at a local neighborhood of the previous positions determined for a particular path hypothesis, the velocity is further constrained to be within 30% of the historical average velocity. This assumes an adequate sample rate with respect to vehicle mobility, which in our case was 1/3 Hz with a target speed around 1 m/s.
When mobility and operating area constraints are applied once, the effects are propagated with a few iterations. The points that passed mobility constraints, but only from a point rejected by the area constraints, may be rejected as well. This may result in further rejections, effectively eliminating many partial 'dead-end' paths. Figure 5 shows the range intersection solutions relative to two of the vantage points with their allowable range and bearing limits shown with dashed lines and all rejections marked with an 'x'.
Given the initial baseline solution, an adequate rate of measurements with respect to target mobility and careful motion planning by the tracking ASC, most cases of ambiguity would be easily pruned. As occurred during experimentation, the target does cross the baseline in a few trials. After two measurements in which the target crosses the baseline plane, we apply the velocity constraints and also apply an near-baseline specific threshold on yaw rate to prune the case in which it appears the that target 'bounces' off the baseline.
Non-Intersecting Ranges and Smoothing
So far the assumption has been that range measurements are always paired and that intersection solutions exist. Approximately 15% of the cycles exhibit mono-range mea- surements while 10% result in paired ranges without circle intersection solutions. For mono-range measurements, the bearing is interpolated given the neighboring path points, and checked with mobility constraints in case of an outlier. For the paired measurements, the average of the two points derived from the ranges and the interpolated bearing is used.
Finally the paired ranges with intersections rejected by constraints are rechecked to determine if one of the original ranges in the pair fits smoothly within the path with bearing interpolation. If the range differs by more than a threshold (3m) from the ranges of the adjacent path points it remains an outlier. If not, the bearing is interpolated. If the two segments to the neighbors of the interpolated point are within 10% of the velocity of the segment that was between the two neighbors and the two segments are within a colinear threshold (20 degrees), the range measurement is accepted. In some rare cases, both ranges pass, and the one furthest from the thresholds is used while the other remains rejected. Intuitively the underlying assumption is that at least one of the ranges had enough error to cause the initial rejection and will carry the blame. 
Stationary Array Results
The target test vehicle used was another ASC employed for the purpose of GPS ground truth and continuous clock synchronization through a WiFi link. A single towfish with transducer was towed below the vehicle at two meters depth. This first test with the towfish was conducted prior to improvements to the tailfin design. When the ASC was at its normal velocity of 2 m/s, the towfish with this tailfin did not flow in a streamline orientation. Testing was preformed on numerous days throughout 2006. The first test verified the configuration, the resolution of different length arrays, and the consistency of the clock system using the GPS PPS signal. The array was fixed to the dock at two meters depth. It was not allowed to rotate, enabling both sides of the baseline to be possible; however, the results show that one side of the baseline was not located in the river and was easily rejected. This is a simpler case of applying operating area constraints without requiring vantage points. As demonstrated in Figure 6 , the results acheived by this trial prove that tracking of a vehicle is possible utilizing acoustic modems in a short-baseline array configuration. The results proved the WHOI Micro Modem clock was accurate enough to record the one-way time of flight values. They also proved that the two-meter array was capable of recording a large enough change in range to track vehicles. Refinements in software logging were made for future trials. In some of the tests with the the rigid array, some anomalies were noted during postprocessing analysis. Some interesting effects were also noted due to the environment and modem. Figure 7 (a) shows a portion or the vehicle path where no intersection was detected, represented by a straight line with no X range intersection solutions. This was believed to be caused by transmission reflections off the granite quay wall, which defines the North-West perimeter of the Charles River. Either the WHOI Micro Modem rejected logging the time because of the multiple signals or the overlap caused errors in the transmission.
Figure 7(b) shows the effects of transmission multipathing; again, the quay wall is believed to have caused the interference as shown in the top right portion of the track. Multi-pathing caused the expected distance to be longer than the actual distance because the signal bounces off an object, increasing the recorded time-of-flight. These errors occurred only when working with the stationary array that was located within ten meters of the quay wall. All of the fixed array results required using geographical constraints to determine the correct side of the baseline.
Mobile Array Results
The second tests were completed using two ASC. The first craft towed the array at two meters depth. The second vehicle setup remained the same as in the stationary testing, except the new tailfin was installed on the towfish. The array vehicle performed a slow arc course outside of the other vehicle. The path of the array vehicle is shown as red in Figure 8 . The intention was to limit the number of times the baseline was crossed or approached, but slight miscalculations of waypoints permitted baseline crossings in some of the missions with pattern as shown in Figure  8 (a).
The second target vehicle had two different courses to run. The first course was a few straight-line paths parallel to the shore. The intention was to simulate the vehicle's driving a course to the terminal phase of the Ranger AUV. The second course consisted of three connected circles in a modified figure-eight configuration. This path was designed to simulate the Ranger AUV's attempt to reacquire a target by performing multiple passes, as shown in Figure 8 (b). The original paths were intended to be smoother, but during these tests, the target ASC was running real-time Simultaneous Localization and Mapping (SLAM) processing sonar images that overloaded the processor and starved the process for control. The ASC single 600MHz CPU is not as powerful as the AUV intended for future use. This problem is not expected to Despite the control problems, satisfactory paths were attainable using the methods described in the previous section. Figure 9 shows an example of the raw range intersection solutions for both sides of the baseline, and the resulting computation of final path is shown in Figure 10 .
During this test run, the average difference from the GPS position to calculated track position was 2.7 meters. The difference between the GPS and the modem range is shown in Figure 11 . At no time did the range difference exceed the error of one standard deviation of the GPS device used as ground truth. Throughout the test, the reported GPS error was between four to six meters for each unit. Postprocessing of all of the datasets resulted in a mean range error of 3.9 meters.
Results for one of the courses of the other target vehicle path pattern are shown in Figures 12 and 13 . The final calculated course-made-good (after removing outliers, and baseline ambiguities and interpolating the single range measurements) is shown in Figure 13 . As seen in the calculated course plots, the determined path is exceptionally close to the GPS recorded path. In this particular run, the error was within 4.2 meters. In this data set, the target vehicle did cross the baseline of the array. In Figure 13 , red and green denote baseline sides 1 and 2. Black marks along the path represent positions within 10 degrees of the baseline, and the solutions for sides 1 and 2 were very close to each other. The convex hull of the operating area is clearly shown with the dotted line. Different shapes are used to denote whether an original range circle intersection was used or an interpolation.
SUMMARY AND CONCLUSIONS
The research presented here experimentally demonstrates the possibility of a low-cost ASC equipped with acoustic modems to track a target vehicle. Additional research seems likely to achieve a fully autonomous cooperative ASC serving as a both a navigational aid to an AUV and as surface communication relay. Practical applications are numerous, including reconnaissance, surveillance, and mine countermeasures. Several issues remain to be addressed in future research. The experiments presented here used two surface craft, with one serving as a surrogate for an AUV. In practical applications, the target AUV will be submerged, requiring 3D tracking and navigational aid from the ASC. To update the AUV, the ASC should send a large data packet containing the AUV's position estimate after a set number of cycles (for example, once per minute). Extending the tracking algorithm to 3D may be accomplished by adding a third transducer (forming a triangular configuration) or having the AUV transmit its depth to the ASC. The tracking algorithm presented here used a priori knowledge of the operating area and the mobility characteristics of the vehicle (e.g., maximum speed). Work in progress is extending the operating area constraints to compute vantage points relative to a local dynamic operating area determined by the last known vehicle location and bounded by vehicle mobility, and to incorporate adaptive motion control of the ASC to optimize localization and communication performance.
